To examine the effects of fission product gas release into the coolant channel due to fuel cladding failure, two preliminary simulation experiments were undertaken using an electrical heater pin set in a system for water circulation. The first experiment represented a continuous release of gas from a small hole in the cladding, and the second a sudden burst of gas into the system due to plenum rupture. The first experiment revealed that the cladding surface temperature registered a sharp dip at the stagnation point of the water flow created immediately upstream of the gas releasing hole and that the temperature at the bottom of the dip was very sensitive to the ratio between the gas release rate and water flow rate. In the second experiment, representing plenum rupture, a pressure pulse of about 8 kg/cm2 was registered on the wrapper tube, and the cladding surface temperature was found to rise by about 10dc within 0.1 sec (with heating at 100 W/cm), due to gas blanketing. The magnitude of the deformation and the transient strain on the cladding surface were also measured.
INTRODUCTION
Ever since the dawn of the fast reactor age, the core meltdown accident has been considered a basic reference accident for design purposes on account of its potential high energy release.
This core meltdown accident has been assumed to bring the core to secondary critical state through a conceivably most unpropitious change in fuel configuration caused thereby (1) . Many processes have been presumed as causal occurrences bringing about this meltdown phenomenon, but these presumed causes have not been substantiated so far by many experimental studies.
Heubotter (2) has studied the fuel meltdown behavior under transient overpower conditions using a simulated lead fuel pin placed in a channel of flowing water. It was found that the fuel, upon meltdown, would not gather together in a compact mass but would instead scatter quite widely along the coolant channel. Actual in-pile investigations have been carried out in a series of experiments using the TREAT reactor, and have supplied useful information about fuel and coolant behavior under transient high power density conditions.
The progress made on these experiments and the analyses performed on the results have been reviewed periodically by Dickerman(3) , and need therefore not be repeated here.
The occurrence of fuel meltdown, however, is not limited to the case of transient overpower or abnormal flow conditions and one must not ignore the possibility of its occurring as a result of incidents of far minor nature such as a fuel failure in the normal core. McNelly et al. (4) have pointed out that the blanketing effect of the fission product gas released from a cladding failure on a fuel pin could constitute a cause of fuel rupture propagation. And Judd (5) has considered the possible relation between the outbreak of failure on a fuel pin and the size of a hole on a neighboring defective pin releasing fission product gas.
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A series of fundamental experiments have undertaken in an attempt to establish a general criteria for fuel subassembly design at the Atomic Fuel Corporation, now a division of the Power Reactor and Nuclear Fuel Development Corporation (PNC). The present study is the third series of 'rupture tests' in this program, and its aim is to pursure the probability, under steady state reactor conditions, of fuel failure propagation caused by fission product gas release from the failed fuel. The mechanism of fuel cladding rupture under operation has been analyzed by many authors, and in this paper it is assumed that it is possible for fuel cladding to rupture either gradually or suddenly.
The experiments were carried out with an electrically heated pin in a water circulating system.
The applicability of the results of water model tests to liquid metal engineering problems has been discussed by many authors. Now, Bomelburg(6) has concluded from dimensional analyses that problems connected with thermal transients and thermal gradient cannot be given reliable answers by water model testing, though he did not deny their utility in revealing certain basic features of the problem connected.
In our present study, two extreme cases of gas release in the coolant channel have been considered. One of them is the case of steady gas release from a small hole on the cladding, as described in Chap. II. The other is that of a sudden gas release due to plenum rupture, as presented in Chap. III. Finally, in Chap. IV, the results of these experiments are discussed from the standpoint of nuclear reactor safety assessment.
II. EXPERIMENT (I)
1. Experimental Experiment (I) was planned to elucidate the effects brought on adjacent fuel pins by a slow release of fission product gas from a cladding rupture on fuel in the same coolant channel.
The direct effect of gas blowing against the fuel pin is a change in the distribution of the local heat transfer coefficient due to flow disturbances near the pin. The procedure adopted for the runs was as follows: the temperature and flow rate of the water were set at predetermined values, the recorder was started, the gas was fed at constant pressure into the test section, and the changes in the surface temperatures and the flow rate of the water were recorded. The water flow rate was varied from 0.2 to 6 m/sec, and the bypass ratio from 0 to 2.
Results and Discussion
The changes observed in the pin surface temperatures brought about by the gas bubbles are presented in Fig. 2 for various water flow rates as a function of axial distance from the gas injection point. This temperature distribution and variation can be explained as follows.
In the region upstream Thus the depression of temperature at the stagnation point is accentuated with increasing flow rate of the gas and/or decreasing water flow rate.
The temperature difference between the surface of the cladding and the bulk water at the stagnation point, is represented in Fig. 3 , where it is seen that at this position the flowing gas bubbles cool the temperature of cladding below that of the surrounding water.
The plots indicate good correlation between the cooling efficacy and gas quality; the scattering is partly due to difference between series of experiments, which in turn may be attributed to slight dislocation (ca. 1 mm) of the thermocouple from series to series, and this distance could appreciably affect the temperature reading since at this location the temperature gradient can be as steep as 10dc/mm, as shown in Fig. 2 .
The heat balance equation at this point is (1) where hf is the heat transfer coefficient between cladding and water-gas two phase flow, whose temperature (2) In Eq. (2) cg, and ci are the heat capacity of gas and water respectively, and e is the mixing ratio of water in the two phase section around the pin (i.e. the ratio of flow rates between those of the water mass mixing with the gas jet and that of the gas mass) which is small at the stagnation point but rises gradually with displacement downstream.
The temperature difference DT between cladding surface and water at the stagnation point, which is the value represented in Fig. 3 , defined by D T=Tc-Tw, and is given by the relation (3) where the relation hf=hfo (1+rX) is assumed. The temperature within the gas bubbles at the stagnation point is not accurately known, which presents out determining the mixing ratio e with any precision.
This value however was roughly estimated to be of the order of 3X10-3 using DTg=30dc, cg/ci=0.24 for DT/D X=-2.4X10-3. In the region downstream from the point of gas injection, the two phase flow develops gradually, but the heat transfer coefficients in this region differ from those of the single phase flow by only a small fraction. The * The gas bubbles do not cover the whole circumference of the pin at the stagnation point, so that the pin surface temperature on the other side of gas injection hole does not show such a marked change as shown in Fig. 2 . heat transfer problem with air-water two phase flow has been studied by Abou-Sabe (7) and Vershoor et al.(8) , who have shown that the heat transfer coefficients for low quality high Re flow are somewhat lower than for single phase water flow.
The effect of the existence of the bypass flow was simply to accentuate the obstructive action of the gas bubbles on the water flow rate.
For example, where as with the bypass flow shut off, gas injection at a rate of 1x 103l/hr reduced the water flow rate by only 10 %, the same rate of injection brought the water flow rate down from 2X103 to 1X103 /l/hr when the bypass ratio (bypass flow rate/ channel flow rate) was 2. The pressure distribution in the test section was calculated with use made of the Martinelli-parameter for the two phase flow, but radial non-uniformity of the two phase flow in the test section impaired the accuracy of estimation.
The reactivity change due to the gas released in the core was calculated to be 0.0894c assuming this continuous gas release from a small hole on the cladding has happened in a typical 1,000 MWe high gain breeder reactor(12).
The duration of this reactivity change was estimated to be 10 sec at most and at the end of this period the power was calculated to rise by only 0.2 % of the initial value.
III . EXPERIMENT (II)
The experiment (II) was performed with the apparatus depicted in Fig. 4 To simulate rupture of a cladding, one of the pins in the central region (marked R in * "Panlite" the brand name of a transparent plastic product of the Teijin Company. Some basic properties of Panlite are listed in Table 1 . (4) where p is the density of water and b the cross-sectional modulus of elasticity of the conduit defined by the relation (5) Thus b is easily calculated from the average deformation of the Panlite plate due to a uniform pressure loading dp. With the present geometry, (6) where (7) Substituting these and applicable physical values into Eq. (4), we obtain 104 m/sec as the velocity of the pressure wave in the test section, which compares well with the measured value of around 100 m/sec.
The intensity of the pressure wave that strikes the wall of the test section can be evaluated analytically assuming that the energy dissipation due to fluid viscosity, as also structure deformation, are both negligible. The pressure wave generated by the pin rupture is assumed to propagate as a spherical wave until it hits the channel wall, despite the fact that the gas issues initially in a direction perpendicular to the ruptured pin surface. This assumption can be justified by the large distance between the rupture point and the measuring point on the wall compared with the size of the rupture hole.
From the law of conservation of momentum, the pressure exerted on the channel wall at the location of the rupture hole is given by (8) Or (9) where cw is the sound velocity in infinite water, Sh the cross section of the rupture hole, Rw the distance between the rupture point and channel wall, V0 the volume of the gas in the plenum, and u0 the water velocity near the rupture hole. The release rate of energy E from rupture hole can be evaluated as V0(dp/dt) from the variation in plenum pressure given in Fig. 10 . For Run G-26 in question Eq. (8) gives a value of 22 kg/cm2, which deviates considerably from the measured data of Fig. 10 . This discrepancy may be attributed to elastic deformation of the Panlite plates occurring upon impact of the pressure wave. Such deformation would effectively reduce the acoustic impedance (pcw), so that the acoustic impedance in Eq. (8) should be evaluated using the sound velocity from Eq. (4) even for calculating the pressure at E where the pressure wave will already have reached the Panlite plates. This correction brings the pressure height down to 6 kg/cm2. If the energy dissipation in the transmission process is neglected, the magnitudes of pressure at C and D would be equal that at E. In a water cooled reactor, perforated wrapper tubes are usually employed, which should permit the utilization of Eq. (8) to estimate roughly the pressure wave at the locations corresponding to C and D. Furthermore the pressure exerted on the channel wall by the ejected gas in a sodium cooled core could be estimated by Eq. (9). The ratio of acoustic impedance is known to be (pc)H2O/(pc)Na=1.5 . (10) So that the magnitude of pressure can be expected to be of the order of 15 kg/cm2 in a sodium cooled core, if the value is 22 kg/cm2 for a water core.
The radial deformation of the gas plenum pin at the rupture point has been determined as a function of rupture pressure. A definite functional relationship could not be obtained, but it was found that contact with an adjacent pin is most likely to occur since the clearance between pins is only 1.5 mm in the normal pin arrangement. Such contact of pins should create a non-uniform temperature distribution around the fuel pin, and if the grid structure is not properly designed so as to constrain this radial deformation, there would be some probability of fuel failure propagation. The transient strains at the surfaces of fuel pins adjacent to the rupture pin were measured by foil strain gauges fixed at the locations shown in Fig. 11 . The pins at positions E, F, G and H were removed except in the case of Run EN-33. The resulting data are presented in Table 3 . The radial displacement of these pins and the force requisite to produce a strain of this magnitude on the pin were calculated.
The deformation was found to be a few millimeters, which would be produced by a force of 40 kg at most, with a duration of a few milliseconds.
Thermal and Hydrodynamic Transient Calculation
Single-channel thermal and hydrodynamic calculations were undertaken, with the adoption of a number of assumptions, for analyzing the flow and thermal transients in the channel. Strictly speaking, the present experimental conditions do not allow straightforward simplification of the test section into a single channel model, since the arrangement incorporates a test section with only one heater pin and gas ejection from a single plenum pin. Nevertheless, we presume that the grid structure assures very good radial mixing in the test section, so that the expanded gas section can be considered to move uniformly in the axial direction along the channel box as can be seen in Photo. 2. Thus the constant water temperature assumed in the single channel model may be taken as representing the actual conditions acceptably well. The difficulty arising from the fact that the gas is ejected from only one single plenum pin is circumvented by starting the calculation from the time when the expanding bubble region reaches to the channel wall, after which instant the axial motion of gas region becomes dominant.
The model for calculation is schematically shown in Fig. 12 . The fluid motion in a one-demensional cylindrical channel is given by (11)
The boundary conditions are: P= Pin for z=0, P=Pg(t) for zi(t)<z<zu(t), P= Pex for z=H+zu+zi, and G(z, 0)=Go.
Since the transients are slow enough for isothermal expansion to be assumed, the pressure in the gas section is described by the equation (12) where zu(t) is the lower boundary of the upper water column, zi(t) the upper boundary of lower water column, zo the initial height of the gas bubble section (the pseudo-initial pressure Pg(0) therein is calculated from zo and Vo), and zo is given a value of 10 cm from observations through high speed cinematography. The heat balance equation for the fuel pin is 
The film heat transfer coefficient hf for the gaseous region* is not known exactly, so it is assumed to be constant and to satisfy the relation hfg=ahf, (20) where a is the estimated ratio of film heat transfer coefficient between that of gaseous section and of the single phase water flow section.
The heat conduction behavior of the simulated fuel pin used may not faithfully reproduce that of the actual mixed oxide pin, and in the calculations the thermal conductivity of SiO2 powder was used with assumption of uniform heat generation. All these assumptions and substitutions may constitute elements of error, but on the other hand the phenomena being treated are not * Strictly speaking, this region consists of a high gas quality two-phase flow so that the heat transfer mechanism predominant in this region is. two phase flow heat transfer. But the term 'gaseous' is used here for convenience. are neglected and are substituted by the assumption Pin(t)=const.
The calculated behavior of the cladding surface temperature also indicates that the above transient characteristics cannot be neglected for coherent analysis of the phenomena involved.
IV . CONCLUSIONS
The effects of gas release into a channel were investigated experimentally using an electrical heater pin placed in an apparatus for water circulation. In deciding the modes of gas release to be tried, the aim was laid, not at rigid simulation of actual conditions, but on more idealized models easier to be analyzed.
The first model represented continuous gas release from a small hole on the cladding at the rate of up to 1 l/sec. The temperature changes observed on the cladding surface differed sharply with the position relative to the hole emitting gas, and a sharp dip in temperature was found around the stagnation point immediately upstream of the hole. Within the range of experiment, no sign of blanketing of the released gas was discerned downstream of the hole.
The reactivity change due to the gas released in the core was calculated to be 0.0894 c assuming this has happened in a typical 1,000 MWe high gain breeder reactor. The duration of this reactivity change was estimated * The pipe section of length Lp and cross sectional area Ap is replaced by a plenum of length L=Lp XAe/Ap, where Ac is the cross sectional area of channel section. 
